The first documented case of long range transport of Saharan dust over a pathway spanning Asia and the Pacific to Western North America is described. Crustal material generated by North African dust storms during the period 2] Tebruary _ X March 200` reached western Canada on 1X-14 March 200` and was observed by lidar and sunphotometer in the Dancouver region and by high altitude aerosol instrumentation at Whistler PeaP. Global chemical models cGEOS-CUEM and NRL NAAPSd confirm the transport pathway and suggest source attribution was simplified in this case by the distinct, and somewhat unusual, lacP of dust activity over Eurasia cGobi and TaPla MaPan desertsd at this time. Over western North America, the dust layer, although subsiding close to the boundary layer, did not appear to contribute to boundary layer particulate matter concentrations. Turthermore, sunphotometer observations cand associated inversion productsd suggest that the dust layer had only subtle optical impact cAerosol Optical ThicPness c! a`00 d and Angstrom eIponent c" 440-]^0 d were 0.1 and 1.2 respectivelyd and was dominated by fine particulate matter cmodes in aerodynamic diameter at 0.X and 2.` !md. Uigh Altitude observations at Whistler BC, confirm the crustal origin of the layer crich in Ca ee ionsd and the bi-modal sife distribution. Although a weaP event compared to the Asian Trans-Pacific dust events of 199] and 2001, this novel case highlights the possibility that Saharan sources may contribute episodically to the aerosol burden in western North America. X
Introduction
Mobilisation and transport of mineral dust from the arid regions of the world is of considerable scientific importance due to the role airborne crustal material plays in the global radiation balance cand hence climate forcingd, cloud processes, atmospheric chemistry, oceanic biogeochemical processes ce.g. dust is a mahor source of irond, as vectors for microbes and as a factor influencing local air Nuality in both isourcej and isinPj regions cProspero et al. 2002d . In light of this, considerable effort, including observation, mahor field eIperiments and modelling, has been directed at the Nuantification of the sources and sinPs of mineral dust as well as the mahor pathways by which dust is transported in the atmosphere ce.g. GinouI et al. 2004d .
Globally, the deserts of North Africa and Asia represent the mahor sources of mineral dust with North Africa cincluding the Sahara and Saheld contributing about 1400 TgVyear c\`k of the global emissiond while the deserts of Asia cincluding the Gobi and TaPla MaPan desertsd contribute around 2`k cGinouI et al. 2004d. Trom North Africa, mineral dust is transported principally along three pathways: c1d westward across the Atlantic to the Americas c2d northward across the Mediterranean to Europe and cXd eastward across the eastern Mediterranean to the Middle East and Asia. The latter trahectory, which is of particular relevance to this study, is most prevalent during spring cMiddleton and Goudie, 2001d . Trom Asia, the mahor transport pathway is eastward on the mid-latitude westerlies to the North Pacific cProspero et al. , Gong et al. 200X, Stohl et al. 2002 . The provenance of deposited dust demonstrates that the mid-latitude westerlies episodically carry Asian dust as far afield as both the east and west coasts of North America cUusar et al., 2001 [ Thulasiraman et al. 2002d .
In this study, we describe a previously undocumented pathway for long range transport of mineral dust to North America[ eastward transport of North African dust across Eurasia and the North Pacific to western North America. In so doing we draw eItensively upon available surface observations and remote sensing data cincluding lidar observations and sunphotometer datad, as well as global meteorological and chemical models. Data from non-routine observations cAERONET site and Uigh Altitude Chemistry sited permit eIamination of some physico-chemical characteristics of airborne dust at a considerable distance from source. This paper eItends the study of ParP et al. c200`d that attributes l idar observed dust layers over Japan and China during the same time period cearly March 200`d to dust storms in the Sahara region. detailed description of RASCALd. Tor this application, RASCAL was operated in upward pointing mode ci.e. vertically sampling the atmosphere directly above the vehicled rather than scanning mode. The vehicle has an electronic leveling system to provide a stable, level environment for lidar operation. The techniNue of lidar is essentially a time-offlight eIperiment that provides high spatial and temporal resolution imagery of the atmosphere. The basic components of a scanning lidar system consist of a laser, beam \ directingVcollection optics and a telescope with a detection pacPage to convert the signal for a data acNuisition system that can process, display and save the data in real-time. A pulsed laser emits a burst of photons into the atmosphere. A detection system measures the amount of light scattered bacP from the particles in the atmosphere. The analog signal from the detector is digitifed along a set range ctypically 12 Pmd providing a resolution of Xm along the beam aIis. The detector employed was a X`.\ cm Celestron Schmidt-Cassegrain telescope with an ] mrad field-of-view that focused the captured light on a X mm RCA X09`\E avalanche photodiode cAPDd. The APD was connected to a logarithmic amplifier made by Optech Inc. to increase the dynamic range. This is particularly important when operating the lidar where aerosol concentrations vary significantly within the scan range. The amplifier was calibrated prior to the eIperiment via a transfer function to convert the signal to a linear scale in addition to second order corrections provided by Optech Inc. The signal was then sent to a Gage 14-bit, PCI card where the information was digitifed at `0 MUf cXm resolution along the beam aIisd. The laser was a Continuum Powerlite ]020 Nd:YAG with a measured output energy of ]`0mJ and 400mJ at 10\4nm and `X2nm respectively. The a-scope display and false-colour bacPscatter ratio plots are shown in real-time with the ability to foom in and out during data collection. ThicPness cAOTd across seven spectral channels cX40, X]0, 440, `00, \^0, ]^0, and 1020 nmd and, in a separate mode, almucanter sPy radiances across four channels c440, \^0, ]^0, and 1020 nmd. The sPy radiances, along with AOT estimates at the same four channels, are used to perform inversions for particle sife distribution and refractive indeI cDuboviP et al., 2000d. In this paper we eIamine c1d AOT at `00 nm c! a`00 or " a for simplicityd: the fundamental aerosol parameter which acts to reduce the optical transmission in the direction of the sun and increases the brightness of the sPy away from the sun cas ! a increases the sPy becomes hafierd c2d the partition of the AOT into its fine and coarse mode optical depths at `00 nm c" f and " The site is located at the top of a sPi hill, at Whistler peaP, 21]2 m cabove sea leveld.
Methods

EIamination
There are no continuous combustion sources at the peaP and influences from snowmobiles have been identified and removed from the data set. During the period of interest, particle sife distributions were measured both with a TSI Scanning Mobility Particle Sifer cSMPSd Model X9X4 and a Grimm optical particle counter cOPCd cModel 1.10]d. The SMPS was used to measure mobility diameter in the 0.01 !m to 0.4 !m sife range while the OPC provided optical diameter from 0.X !m to 20 !m. Particle chemistry is from bulP filter pacPs, collected every 4] hours and analyfed for inorganic ions by ion chromatography. All particle sampling taPes place through a heated stainless steel manifold and filter pacPs are preceded by a cyclone operated at approIimately a 2!m sife cut. Particle sampling is suspended in the presence of fog to ensure no contamination of samples by cloud and that the sampling inlet remains dry and free of rime. Carbon monoIide is measured with a TECO 4]C with feros performed every two hours. 
Results
Observed Dust Storms
Transport: Meteorology
In this case, Saharan dust generation and eastward transport was associated with the passage of a relatively weaP low pressure centre ct100hPa central pressured eastward During the long hemispheric trahectory described herein, significant precipitation and cloud was associated with only the eastern and western Pacific mid-latitude cyclones with no significant precipitation associated with the Asian leg of the pathway. Comparison of the left and right panels in Tigure X suggests that during transport across the Pacific, the core of the dust layer avoided regions of precipitation cand therefore significant wet depositiond associated with low pressure centers in the northern Pacific.
Transport: GEOS-CHEM Simulations of Dust Optical Depths
Dust optical depths ccomputed at 400nmd in Tigure X show both surface sources and dust storm activity as well as mid-tropospheric transport. Throughout the period, significant North African dust storms c2\ Teb _ 2 March 200`d on the basis of results from five regional and global aerosol models. In their study, global models reproduced the dust layer Nualitatively, but the regional model did not. ConseNuently, it was concluded that the source of the dust layers was located outside the regional model domain that included the TaPlimaPan and Gobi Deserts. As with the GEOS-CUEM model described herein, the global models cincluding NRL NAAPSd showed the plumes originating from the Sahara 
1]
The sife distribution derived by inversion for the 12-14 March 200` period cwhose daily average is shown in Tigure ^d suggests that arrival of dust on 1X March was associated with a significant increase in particle volume cand liPely massd at a mode of 0.X !m aerodynamic diameter and a lesser increase in the coarse mode at around 2.` !m. It will be seen in the analysis of the Whistler data below that the relative importance of the fine and coarse mode peaPs is somewhat at odds with the sampled particle sife distributions cwhere the coarse mode volume sife distribution is significantly more important in the 1XV14 March data of Tigure 9 versus the 1XV14 March data of Tigure ^d. Aside from the obvious sources of potential disparities ccolumn integration versus local volumetric sampling and the distance between the Dancouver area sites and Saturna Islandd one can easily demonstrate a significant variability of the fine mode volume sife distribution as a function of the retrieved value of refractive indeI as well as the assumption of nonsphericity versus sphericity of the dust particles cthe fine mode particle volume being significantly less, for eIample, in the case of a retrieval based on the assumption of nonspherical particles[ see DuboviP et al. 2002bd . In contrast, the coarse mode volume distribution is considerably less sensitive to these retrieval parameters. The refractive indeI is not, as a matter of fact, even returned by the AERONET inversion because the authors of the algorithm do not recommend its use below " a c440 nmd v 0.` for dust particles cthe refractive indeI remarP above is based on our own Mie computations applied to the Mar. 200` dust datad.
The implied correlation between fine and coarse mode dust content seen in Tigure ^ is coherent with the moderate correlation which can be seen between the " f and " c curves of It is noted that the correlation between dust volume concentrations of the fine and coarse mode ci.e. C vf and C vc retrieved from integrations of the DuboviP particle sife distributionsd with " a c1020 nmd as presented in Table 1 cas in the present case studyd as well as ambiguity as to the nature of the fine mode variation cdust versus local anthropogenicd becomes problematic in the case of C vf which is much more sensitive, as indicated above, to the retrieval conditions.
The position of the smaller coarse mode peaP in Tig. ^ has been observed for Asian dust results over Uawaii and North America cShaw, 19]0 [ Stone et al., 200`[ Thulasiraman et al., 2001 [ Tratt et al., 2000d the smaller mode at 0.X !m and a larger mode at 2.` !m diameter. This bimodal aspect of the distribution is in agreement with the sunphotometer data described above.
Uowever, the SMPSVOPC measurements show the larger increase in volume occurs in the coarse mode rather than the accumulation mode. The volume distribution for 10 March c0000 _ 0900 LSTd is very similar to the 1X-1` March period throughout the coarse mode, however there is no significant particle number or volume found in the accumulation mode. This is further illustrated by the particle sulphate cSO 4 q d and calcium cCa ee d ions analyfed from the filter pacPs cTig ]cd. The particle chemical composition provides an important indication of the origin of particulate matter contributing to the particle events occurring at the high altitude station during March.
Most notably, the increase in calcium during 9-10 March and 1X-1` March is a strong indication of a crustal source. Low sulphate is observed during 9-10 March with an increase in particle sulphate during 1X-1` March indicating some miIing of anthropogenic sources with the dust event. Carbon monoIide cTig ]bd also increases by approIimately X0 ppbv from the 9-10 March period to the 1X-14 March period. The increase in this long-lived pollution tracer corresponds well with the increase in accumulation mode aerosol throughout these two periods. The two earlier periods are in contrast with 2X-2` March which is characterifed by low calcium and higher sulphate.
This composition suggests a non-crustal source and results from local or regional pollution. It is important to note that because the filter pacPs were operated with a cut sife of approIimately 2 wm, they collected only a fraction of the coarse mode aerosol as estimated from Tig 9. Based on the GEOS CUEM simulations it is liPely that the dust evident on 9-10 March was the forerunner of the event apparent on 1X-1` March. Tinally, identification of this event would not have been possible without ready access to multiple data sources cmodel output, satellite imagery, surface monitoring observations and sunphotometer datad and the cooperation of scientists in several institutions.
Discussion and Conclusions
ConseNuently, this study again demonstrates that iad-hoc collaboration of scientists is a practical way to share observations and to collectively generate the eIplanatory Pnowledge about such unpredictable eventsj cUusar et al. 2001d.
Figure Captions
Tigure Tigure \: AOD at Saturna Island cad variation of total AOD and predicted cNAAPSd dust AOD for AEROCANVAERONET data cbd estimated fine and coarse mode optical depths eItracted from the spectral form of the total AOD Tigure ^: Aerosol sife distributions derived by Saturna Sunphotometer inversion methods cdaily averagesd before c12 Marchd and during dust event.
Tigure ] cad Time series of particle volume distributions c0.01 to 20 !m diameterd at the Whistler high elevation site. Plot shows dDVdlogD as a composite from the SMPS and OPC. White areas indicate missing data. cbd Time series of sub-micron and super micron total particle volume as determined from the SMPS and OPC. ccd Sulphate and calcium concentrations from filter pacPs for particles less than 2 !m diameter. Tigure \: AOD at Saturna Island cad variation of total AOD at `00 nm and predicted cNAAPSd dust optical depth for AEROCANVAERONET data cbd estimated fine and coarse mode optical depths eItracted from the spectral form of the total AOD 
